Nondestructive Magnetic Monitoring of Grinding Damage  by Čilliková, M. et al.
 Procedia Materials Science  12 ( 2016 )  54 – 59 
Available online at www.sciencedirect.com
2211-8128 © 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Selection and peer-review under responsibility of the VŠB - Technical University of Ostrava,Faculty of Metallurgy and Materials Engineering
doi: 10.1016/j.mspro.2016.03.010 
ScienceDirect
6th New Methods of Damage and Failure Analysis of Structural Parts [MDFA] 
Nondestructive Magnetic Monitoring of Grinding Damage  
M. Čillikováa*, B. Mičietaa, M. Neslušana, D. Blažekb 
aUniversity of Žilina, Faculty of Mechanical Engineering, Univerzitná 1, 010 26 Žilina, Slovak Republic 
bVŠB – Technical University of Ostrava, Nanotechnology Centre, 17. listopadu 15, 708 33 Ostrava – Poruba, Czech Republic 
Abstract 
This paper deals with investigation of surface damage induced by grinding operation on the rings made of 100Cr6 bearing steel 
of hardness 62HRC. Progressively developed grinding wheel wear is caused by using the series of identical rings while the 
surface properties of machined rings like a hardness, residual stresses, microstructure alterations and magnetic Barkhausen noise 
(BN) emissions are monitored as manifestations of increased thermal damage. The noninvasive observations based on the BN 
emissions are performed on each ring while more laborious experimental techniques are used on selected rings. The presented 
results also indicate that properly suggested monitoring system based on BN emissions can reliably detect surface burn induced 
by thermal damage of ground surface. 
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Nomenclature 
BN Barkhausen noise     HRC Rockwell C hardness 
BW  Bloch wall     HVm Vickers micro hardness 
HAZ heat affected zone    rms root mean square value 
WL white layer 
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1. Introduction 
Ground surfaces can suffer from over tempering or overheating due to elevated temperatures in the wheel – 
workpiece contact, Malkin and Guo (2007). For this reason, thermally softened or/and re-hardened layers can occur 
in the near or sub surface regions. Surface containing the untempered brittle martensite or thermally softened 
structure are assumed detrimental to components life due to early crack initiation and premature failure. Surface 
integrity expressed in such terms as residual stresses, hardness and the corresponding structure alteration can vary in 
spite of the constant cutting conditions. Thus implementation of reliable monitoring concept should be proposed for 
the real industrial applications.  
Production of large bearing for wind power station involves grinding cycles as the final operation substantially 
contributing to the functionality of bearings. Bearings undergo very rigorous monitoring procedures to reveal 
unfavourable stress state, structure modifications or crack initiation originating from grinding cycles or heat 
treatment. Manufacturer guarantees at least 20 years failure – free operation of bearing. Monitoring of bearings 
(mainly raceways) of diameter in the range 600 to 4000 mm after grinding does not allow implementation of 
chemical activation to reveal the unfavourable surface alterations induced by grinding.  
Magnetic BN has found the high industrial relevance for characterization of ferromagnetic materials. BN 
originates from irreversible domain and mainly BW motion during cyclic magnetization, Barkhausen (1919). 
Pulsating magnetization on hysteresis loop occurs as a result of BW interaction with stress fields and microstructure 
features such as dislocations, secondary phases or grain boundaries hindering the smooth BW motion as discussed 
by Kameda and Ranjan (1987), Buttle et al. (1991), Gatalier-Rothea et al. (1998) and Ranjan et al. (1987). 
BW jumps occur as soon as the strength magnetic field exceed the critical value equal the pinning strength of the 
abovementioned pinning sites. However, while the stress state affects mainly domain and the corresponding BW 
alignment, microstructure features affect the free path of BW motion, Moorthy et al. (2001). While untouched 
surface emits low BN value, enhanced BN emission in thermally softened layers is due to thermally induced 
decrease of dislocation density, precipitates coarsening and tensile stresses Moorthy et al. (1998, 2001).  
Although variety of methods were reported, the BN based monitoring of grinding burn still dominates as a 
reliable method to reveal surface over tempering. The main advantages of the BN method are associated with very 
fast surface response (in seconds), portability of BN systems and ability to be easily integrated into automatic cycles 
and robotic cells.  
Industrial experience indicates that coolant takes significant role in grinding burn. Either insufficient coolant 
supply or lack of coolant can lead to intensification of friction processes in wheel – workpiece contact as well as 
insufficient dissipation of heat from grinding zone.  
This paper explores the factors taking a key role in grinding cycles based on BN technique and the other 
conventional techniques for surface inspection. To explain the significance of such approach the two main factors of 
grinding operations are discussed as follows: grinding wheel wear and the lack of coolant. First aspect is associated 
with higher BN values obtained after grinding of bearings of higher diameter, while the second one represent the 
unexpected lack of coolant supply randomly occurring in production.   
2. Conditions of experiments 
This study was carried out on the rings made of 100Cr6 bearing steel of hardness 62 HRC, 55 mm in external 
diameter, 41 mm in internal diameter and 12 mm in width. Specific experiments were conducted to investigate 
influence of cutting conditions, grinding wheel wear and coolant supply in the laboratory conditions. The grinding 
wheel wear was progressively caused by 3 series of rings which were ground at the different grinding cycles: 
• 40 wet ground rings + 4 dry ground rings, infeed speed vp = 0.005 mm.s-1,  
• 25 wet ground rings + 4 dry ground rings, infeed speed vp = 0.005 mm.s-1, 
• 10 wet ground rings + 8 dry ground rings, infeed speed vp = 0.005 mm.s-1, 
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Grinding wheel was redressed before each series by the use of single crystal dresser aed = 20 µm, vcd = 25 m.s-1, 
vfd = 90 mm.min-1. Ecocool type coolant of 3% concentration was used: Qf = 12 l.min-1, shoe nozzle. The rings were 
gradually mounted on the shaft as Fig. 1. indicates. Cutting conditions as follows: vc = 30 m.s-1, vf = 11 m.min-1. 
Grinding wheel: 350x50x127, A98 80 J9V, machine tool 2uD P27 50. Rough and finishing grinding stock was 
0.3 mm. 
Fig. 1. Illustration of a ring mounted on the shaft. 
BN measurements were performed by the use of Rollscan 300 and software package Microscan in the frequency 
range 70 to 200 kHz (mag. frequency 125 Hz, mag. voltage 10 V, (sine shape of magnetizing current, sampling 
frequency 2,5 MHz, sensor S1-18-12-01). Each ring was measured in 8 points in the center of a ring width. BN 
values were determined by averaging of 10 consecutive bursts (5 magnetizing cycles) at all 8 measuring points. BN 
values in this study represent the effective rms value of the received signal.  
Vickers microhardness readings were conducted by Zwick Roel ZHm micro-hardness tester by applying force 
10 g for 10 seconds. To reveal the microstructure transformation induced by grinding 10 mm long pieces were 
sectioned from the rings and routinely prepared for metallographic observations. Microstructures were observed in 
the centre of the ring width to match the positions of metallographic observation with positions where BN were 
measured.  
Residual stresses were measured by the mechanical method based on etching of ground surface and simultaneous 
measurement of a ring deformation. 
3. The results 
The correlation between the surface integrity state and corresponding BN values can be investigated when 
surfaces of the variable quality and corresponding BN values are obtained. The low BN emission is attributed to the 
nearly untouched surface containing fine precipitates, high dislocation density and low magnitude of tensile stresses. 
Microstructure of such surface (see Fig. 2a) is nearly the same as received after heat treatment and the drop of the 
near surface hardness is only a little. While microhardness reading originating from heat treated material gives 800 
HVm, the near surface region of ground ring n.2 gives 780 HVm. 
When the grinding wheel wear is progressively developed within the consecutive grinding cycles, transformation 
in the grinding grains geometry causes that the higher volume of the heat in the wheel – workpiece contact is 
generated which causes higher temperature on the ground surface penetrating deeper beneath the surface. Being so, 
thermal softening effect becomes more apparent (see Fig. 2b), thickness of HAZ increases and BN emission is 
enhanced due to thermally induced decrease of dislocation density, precipitates coarsening and tensile stresses, 
Fig. 2b. Microhardness drops down in such a case below 720 HVm in the near surface region and the microhardness 
reading corresponding to the heat treatment can be found in the layers about 40 µm beneath the free surface.   
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a) nearly untouched surface, ring n. 2, BN = 100 mV,  
    wet grinding 
b) thermally softened surface, ring n. 26, BN = 145 mV,  
    wet grinding 
 
 
c) white layer and thermally softened region,  
    ring n. 28, BN = 210 mV, dry grinding,  
d) white layer and thermally softened region,  
    ring n. 28, BN = 210 mV, surface cracking, dry grinding,  
Fig. 2. Illustration of a ring mounted on the shaft. 
Fig. 3. comprehensively demonstrates the influence of the progressive grinding wheel wear on resulting BN of 
machined surfaces. Basically the increase of BN is directly related to the abovementioned synergy effects of stress 
fields and microstructure features at the machined surface. As we can see the BN grows according to the grinding 
wheel wear. The BN measured in the series with 25 wet grinded rings is slightly increased due to intentionally 
reduced flow of coolant. It is obvious that in the case of full coolant flow, the BN keeps constant for the first 10 
machined rings and subsequently grows slowly with increasing wheel wear. 
Fig. 3. illustrates significance of coolant in grinding operations. The BN grows rapidly when there is a lack of 
coolant. These situations evaluate the significance of coolant failures randomly occurring during grinding (indicated 
by grinding staff). One can see that two different aspects are associated with coolant supply failure. First one is 
associated with significance of coolant itself as a factor associated with thermal load of ground surfaces whereas the 
second one is related to the wear rate of grinding wheel. It is obvious that wear rate in the case of lack of coolant is 
extremely high and usually the dullness is reached after two dry grinded rings. What is interesting, the wear rate is 
much slower while the grinding wheel is sharp as eight rings must be dry grinded in the first measured series (10 wet 
ground rings) until the dullness is reached. Being so, the risk of grinding burn due to a short time coolant failure 
becomes more significant when the grinding wheel wear is more developed. 
  
Nearly untouched surface 
Thermally softened layer  
Untouched structure 
Crack initiation 
Re-hardened white layer 
Thermally softened layer  
Re-hardened white layer 
Thermally softened layer  
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Fig. 3. Raw BN signals obtained from the untouched and thermally softened zone. 
Abrupt increase of BN in dry grinding cycle is due high temperatures in the wheel – workpiece contact and deep 
penetration of high temperatures into a surface. Remarkable decrease of the subsurface hardness can be indicated 
(about 600 HVm) together with the very high thickness of HAZ after dry grinding cycles, see Fig. 2c,d. The more 
significant role thermal softening takes, the more remarkable BN increase can be found.  
The growth of BN is rapidly reversed as soon as the temperature in the wheel – workpiece contact exceeds the 
austenitizing temperature and surface rehardening (appearing white on etched surfaces Fig. 2c) arise due to fast self-
cooling effect. As a result, the BN emission rate in the dry grinding regime is driven by ratio between thickness of 
WL and HAZ. When thickness of WL is thin (of several micrometers) thermally softened subsurface layers 
contributing to the BN signal received on the free surface dominates over poor BN emission of rehardened WL of 
low thickness. As soon as the thickness of WL increases BN drops down due to poor BN response of WL and 
limited BN sensing depth.  
Fig. 4. Profile of residual stresses 
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Fig. 4. illustrates distribution of residual stresses beneath the surface. This figure shows that compressive stresses 
can be found near the surface as a product of constrained near surface plastic deformation dominating over stresses 
induced by heterogeneity on thermal expansion due to progressive decrease of temperature in deeper regions. On the 
other hand, tensile stresses dominate in the deeper layers. Magnitude of tensile stresses and the corresponding 
thickness in which tensile stresses occur correlates with the thickness of HAZ and BN values. 
4. Conclusion 
Our experience in production of large bearings for wind power stations has motivated us to perform a more 
detailed study on the impact of grinding conditions on the surface damage of machined rings made of bearing steel 
100Cr6 with the 62 HRC hardness. The attention was focused on the influence of grinding wheel wear on the 
induced thermal damage of ground surface under the influence of various factors. 
The presented results reveal that magnetic BN emissions are strongly correlated with the properties of heat 
affected machined surfaces. It was found that the development of grinding wheel wear can be reliably monitored 
through the BN emissions of ground surfaces. Also lower rate of coolant will be reflected in the increased BN. 
The observed relationship between the properties of magnetic BN emissions and the machining conditions are 
explained by the microstructure observations and residual stress measurements performed on the heat affected steel 
surfaces.  
The presented results confirm that well set-up monitoring system based on the BN emissions is a reliable 
technique for monitoring of the thermal damage caused by various influences. However, this claim is confirmed only 
for 62 HRC hardness steel. Additional research is needed for softer steels. 
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